Six foals of three different breeds, born to healthy mares, appeared normal at birth, and died at two to five days of age with icterus, ataxia, head pressing, and terminal hepatic coma. Their livers were less than one-half normal weight. Most of the liver was dark red-brown and slightly rubbery. Histologically, these areas were characterized by severe bile ductule proliferation, mild portal tract fibrosis, and massive hepatocellular necrosis and lobular collapse. A small proportion of the liver, usually on the peripheral part of the lobes, was grossly light brown and slightly raised. Histologically, these areas had mild to severe bile stasis in canaliculi. In the thin marginal zone between the severely affected and mildly affected liver, there was mild bile ductule proliferation and periportal fatty change and necrosis. Alzheimer's type I1 cells, characteristic of hepatoencephalopathy, were numerous in the brains of all foals. Within two hours after birth, all the foals had been given an oral proprietary nutritional paste, the ingredients of which included a viable Aspergiflus sp and an iron compound. Similar lesions were produced in an experimental foal.
There are few recognized diseases of the equine liver. Several outbreaks of Theiler's disease in adult horses have been r e c~r d e d . l~* '~*~~ The disease is believed to be caused by a virus. Tyzzer's disease, caused by Bacillus piliformis, occurs sporadically in foals aged usually between 2Y2 and five week^.^,^. 22 Liver disease caused by plants containing pyrrolizidine alkaloids is well known in horses."
There are few well-defined diseases of the liver of neonates of any species. Many species, including the horse, respond to the presence of a specific herpesvirus with abortion or perinatal mortality. Bacterial infections such as listeriosis and campylobacteriosis cause multifocal inflammatory lesions in the liver of ruminants which die in the perinatal period,I0 but such diseases are not important in the horse. In neonatal children, liver disease can result from alphal-antitrypsin deficiency, galactosemia, or infection with toxoplasma organisms, cytomegalovirus or the viruses of rubella, herpes simplex and hepatitis A. Neonatal hepatitis is a pathologic entity in children, but its cause is unknown. I6 We describe an outbreak of a new hepatopathy in neonatal foals.
Materials and Methods
Six foals which died at two to five days of age were received at the George D. Widener Large animal Hospital, University of Pennsylvania, during four weeks in February to March 1983 (table I) . Clinical findings in the full-term foals from healthy mares, correspondingly numbered 1-6, have been described elsewheree6 They appeared normal at birth, but developed jaundice and nervous signs such as ataxia, head pressing, profound depression and coma as early as 36 hours of age. Foals 2 and 3 came from the same farm. After it was learned that each foal had been given a half-tube of a proprietary oral nutritional paste (Primapaste SL, for mares and foals, manufactured for EthCo, St. Joseph, MO) within two hours after birth, an experimental foal had a liver biopsy taken, and at nine hours after birth was given three half-tubes of the paste. The foal developed mild icterus, moderate depression, and became febrile; at four days of age it was killed.
Tissues from each foal were fixed in 10% buffered neutral formalin, and paraffin sesctions were stained with hematoxylin and eosin (HE). Selected liver sections were stained with Gomori's trichrome, Gomori's methenamine silver, Gomori's reticulin, modified orcein, Perls' iron, and Levaditi's silver stains. Perls' stain was used on the kidney of foal 6. For electron microscopy, liver samples from foals 5 and 6 were minced into 1 mm cubes and fixed in cold 3% phosphate buffered glutaraldehyde, then postfixed in osmium tetroxide, dehydrated in a graded series of alcohol and propylene oxide, and embedded in epon. Sections were prepared and stained with uranyl acetate-lead citrate stain, then embedded and photographed on an electron microscope. Aerobic bacterial culture was done on samples of each liver. Anaerobic culture was done on the small intestinal contents of foals 4, 5, and 6. Fluorescent antibody staining for equine herpesvirus 1 was done on livers of foals 2, 3, and 4. Plasma from foals 3 and 4 was examined for cross-reactivity with hepatitis B surface antigen by a radioimmunoassay technique and for endogenous DNA polymerase activity characteristic of hepatitis B-3 
Results

Field cases
All the livers were small, and the weights ranged between 390 and 680 g. (Livers of four one-to threeday-old foals which died of various other diseases weighed 1200 to 2000 8). The bulk of the organ was normal dark red-brown, but slightly rubbery. Approximately 5 to 35% of the organ was light brown and firm. The light brown areas occurred in multiple foci about 0.2 cm in diameter or in foci or bands 1 to 2 cm wide distributed along the lateral, dorsal, or ventral margins of the two main lobes-the left more than the right, and in the middle lobe. The discolored areas were raised slightly above the surface and extended a variable distance in the underlying tissue. The margin between the red-brown parenchyma and the light brown parenchyma was either straight and well defined or irregular and less defined.The umbilical vein met normally with the branches of the portal vein within the liver. No extrahepatic or intrahepatic shunts to the vena cava could be seen. The hepatic duct and its large tributaries were normal.
Histologically, the dark red-brown liver was markedly abnormal. The lobules were small because of necrosis and loss of most of the hepatocytes, leaving the parenchyma as a blood-filled collapsed reticulum ( fig. 1 ). Reticulin was condensed between sinusoids ( fig. 2 ). In some areas scattered isolated rounded hepatocytes remained. In one foal, cells that resembled hepatocytes were free in the central veins. Central veins were thickened in some areas. Along with the massive hepatocellular necrosis there was mild portal tract fibrosis and severe bile ductule proliferation ( fig. 3 ). In many bile ductules no lumen could be seen. The mitotic activity of ductular epithelial cells was low. No inflammatory cells were obvious in the portal tracts. Masson's tri-chrome stain demonstrated increased amounts of intralobular collagen deposition. Perls' iron stain showed that a few cells contained iron-positive granules.
The light brown areas of liver had a normal lobular size. The hepatocytes were in fairly orderly array, and the reticulin framework was normal. Some lobules had scattered darker hepatocytes ( fig. 4 ) and others had mild disarray of hepatic cords. Hepatocytes were uniform and of normal size. The number of bile plugs seen in canaliculi varied widely within and between foals. Portal tracts were normal. No organisms were demonstrated with Gomori's methenamine silver or Levaditi's stains. Modified orcein stain did not identify human hepatitis B virus surface antigen. The liver of foal 6 contained a few small foci of mixed inflammatory cells and bile, which were distributed randomly in the lobules. In all foals the marginal zone between the markedly abnormal dark red-brown and the mildly altered light brown liver was a band several lobules wide with an intermediate degree of change. In some lobules all the hepatocytes were vacuolated; while in others the centrilobular hepatocytes were normal and the periportal ones were vacuolated and sometimes had undergone necrosis and lysis ( fig. 5 ). Oil-red-0 stains gave a positive reaction for fat in the periportal areas. There was mild bile ductule proliferation.
Electron microscopic examination of the livers of foals 5 and 6 showed marked diffuse progressive hepatocyte necrosis and loss of sinusoidal architecture. Degenerating heptocytes had swollen and disrupted mitochondria ( fig. 6 ) and increased numbers of lysosomes. Myelin figures were common in cells undergoing necrosis ( fig. 7 ). Few subcellular organelles were seen. Bile ductular epithelium, which appeared to be proliferating on light microsqopy, clearly was undergoing degeneration when examined with the electron microscope ( fig.  8 ). Many epithelial cells had small vacuoles with lipidlike contents, myelin figures and swollen mitochondria. Some bile ductular cells had rarefied cytoplasm and evidence of cell swelling as apical cytoplasm protruded into the bile ductular lumen. The degenerative changes in the bile ductule cells were not as advanced as the marked changes in hepatocytes. There also was mild infiltration with mixed inflammatory cells including polymorphonuclear leukocytes, macrophages, and lymphocytes. Patchy perisinusoidal fibrosis and fibroblast aggregates were seen. Numerous macrophages had red cell fragments in their cytoplasm.
All foals had moderate to severe icterus. Hematomas were present around the severed ends of the umbilical arteries of all foals, and the wall of the urinary bladder had mild to severe ecchymotic hemorrhage. Foals 1, 3, 5, and 6 had one to ten liters of yellow fluid in the abdominal cavity. Foals 1, 2, and 3 had moderately severe ecchymotic hemorrhages on the intestinal serosa. The mucosa of the small intestine of foals 2, 4, and 5 was bright red and the contents were bloody. Green- brown, fairly dry meconium was found in the large intestine of all foals. The thymus was judged to be only 10 to 50% of normal size. Foal 1 had three infarcts, 1 to 2 cm wide, in the left kidney.
There were numerous Alzheimer's type I1 cells in the brains of all foals. The nuclei were arranged in clumps of two or more and were large, rounded or slightly irregular, with sparse, marginated chromatin but no visible cytoplasm with hematoxylin and eosin. They were most obvious in the marginal layer and underlying neuronal laminae of the cerebral cortex ( fig. 9 ).
All foals had mild to moderately severe lesions in the lymphoid system. One foal had mild thymic lymphoid necrosis. Most spleens had moderate necrosis in the lymphoid follicles. Follicles were severely hypocellular in foal 5; foal 6 had severe lymphoid necrosis. Mesenteric lymph nodes had a few hypocellular follicles. Peyer's patches either were normal or had mild lymphoid necrosis or a central hypocellularity.
Mild multifocal acute catarrhal enteritis was present in foals 2, 4, and 5. A large quantity of blood, neutrophils, and large bacilli was found within the small intestinal lumen. Most foals had very mild diffuse renal cortical necrosis which affected epithelial cells in both proximal and distal tubules. Foal 6 had a few granular, orange, iron-negative casts in the tubular lumina.
Aerobic culture of all livers either gave no growth or a light to moderate mixed growth that included one or more strains of Escherichia coli, a group D Streptococcus spp and an Enterococcus spp. The three attempts at anaerobic culture of the small intestinal contents of foals 4, 5, and 6 yielded Clostridium perfringens. Fluorescent antibody staining on the livers of foals 2, 3, and 4 for equine herpesvirus 1 antigen was negative. Neither human hepatitis B virus surface antigens nor hepatitis B-like endogenous DNA polymerase activity were found.
Experimental case
The liver in the pre-treatment biopsy specimen was normal. Gross lesions were mild icterus, one-half to two-thirds reduction in the size of the thymus, fluid green large intestinal contents with mucous adherent to the mucosa, and diffuse indistinct tan mottling of the liver. The liver weighed 1 130 g and was judged to be of normal size for this small foal.
Histologically, mild to moderately severe bile ductule proliferation, with epithelial swelling and vacuolation, was presented in 1 1 of the 12 areas of liver examinedincluding the area adjacent to the biopsy site and excluding the middle lobe area. The hepatic parenchyma appeared normal in some areas, while in many others the size of lobules was reduced mildly to moderately. Commonly a narrow zone of periportal hepatocytes contained multiple small cytoplasmic vacuoles. A few lobules had a wide zone of vacuolated hepatocytes or panlobular vacuolation. Periportal loss of hepatocytes and pooling of blood were present in a few areas. Massive hepatic necrosis and lobular collapse were present in only one section. There was mild stasis of bile in canaliculi, inter-and intralobular ductules. A few small groups of macrophages, lymphocytes, and neutrophils wcre scattered throughout the liver, asso-ciated with necrosis of individual or small numbers of hepatocytes.
Other histologic lesions were moderately severe diffuse hepatoencephalopathy, very mild to moderate lymphoid necrosis in the lymph nodes, thymus and spleen, severe acute multifocal adrenal cortical necrosis, and severe diffuse acute catarrhal colitis. A group B Salmonella spp was recovered from the liver.
Discussion
On gross examination of the field cases, the 65 to 95% of the liver parenchyma that was normal in color and nearly normal in texture was the part that had massive necrosis and atrophy and severe bile ductule proliferation when examined histologically. When the light brown areas of viable liver were small enough to be overlooked, a person unfamiliar with the size of a normal foal liver would not recognize this unique hepatopathy on gross examination. The proportion of viable liver roughly correlated with the length of postnatal survival (table I). The constant pattern of viable tissue being in the peripheral parts of the organ may be due to those parts having a different degree of oxygenation or vascular perfusion. Initially it was thought that the amount of bile ductule proliferation in the field cases could not have occurred in the few days since birth, and that an antenatal insult must have occurred. The supposition was supported by the absence of mitotic figures in the epithelium that suggested the phase of rapid proliferation had passed. A similar degree of bile ductule proliferation was produced in the liver of the experimental foal killed at four days, showing that this change can occur rapidly in the neonatal equine liver. Degenerative changes were present as well in the bile ductule epithelial cells, as shown by electron mi- croscopy on two field cases. The liver parenchymal lesion undoubtedly was acute. Functional hepatocytes had produced bile pigment to color the meconium normally, and there was little intralobular fibrosis. A hepatectomized animal, as some of these foals essentially were, will live only 48 hours-even with supportive care.I9
The presence of Alzheimer's cells is a characteristic lesion of hepatoencephalopathy. Here again is a problem of reconciling the timing of the insult with the lesion, as it generally is thought that hepatoencephalopathy is a chronic lesion. Alzheimer's type I1 cells occurred beginning at week five in rats subjected to portacaval ana~tomosis.~ These cells have been produced much faster, however-in 30 to 38 hours by injecting mice with urease.' Proposed mechanisms for the production of nervous signs include the accumulation of blood ammonia interfering with the Krebs cycle, direct damage to neurons, and accumulation of blood amides that act as neurotransmitters.'' Several other lesions are important in the foals. Jaundice probably was due to cholestasis and, more importantly, to failure of uptake and conjugation of bilirubin by destroyed hepatocytes. Clinically, neither neonatal isoerythrolysis nor other hemolytic disease was evident! The intracellular iron-positive granules in the liver probably resulted from the degradation of locally stagnant blood rather than from an active systemic hemolytic process. Hemorrhage around the severed umbilical arteries and in the urachus is common in foals, but the serosal ecchymoses and hemorrhage into the gut most likely were the result of deficiency of the clotting proteins produced in the liver (factors 11, VII, IX, and X). Although enterotoxemia associated with Cl. perfingens is known to occur in foals,' the recovery of Cl. perfringens from the gut is probably of no significance. The organism can be a normal inhabitant of the equine gastrointestinal tract.2' Renal infarction in one foal may have been due to disseminated intravascular coagulation-for which there was some clinical evidence. 6 The more subtle kidney lesions may have occurred because of hypoxia in the terminal hours. Lymphoid necrosis and lymphoid depletion in the mild degree that was seen in the foals and mild to severe thymic atrophy are not uncommon and occur in a variety of diseases. More severe lymphoid necrosis was seen in one foal with minor inflammatory foci in the liver. These two findings suggest a terminal infection in this foal such as salmonellosis, but this was not confirmed by culture.
Histological examination of fixed tissues received by us from two additional foals6 had the changes found in the dark red-brown areas of the livers of the six foals, i.e., massive hepatic necrosis and lobular collapse, moderate to severe bile ductule proliferation and mild portal tract fibrosis. Reports from other institutions indicate that the same condition has been recognized across a wide area of the USA this foaling season. A search of our files yielded two foals which died at three days of age in 1981. They had massive hepatic necrosis and similar portal tract lesions. The experimental foal had normal serum levels of alkaline phosphatase and gamma glutamyl transaminopeptidase as well as a histologically normal liver prior to being given the paste. By.four days the enzyme levels were elevated greatly-to degrees similar to those in the field cases6 Biliary hyperplasia was as severe in the experimental foal as in the field cases, but the proportion of the liver in which there was necrosis of entire lobules was much smaller in the experimental case. The degree of absorption of macromolecules, including toxins, through the gut may be greater at two hours after birth, by which time the field cases were given the paste, than it is at nine hours, when the experimental foal was dosed. Other possible explanations are variation in the amount of toxin present in different tubes of the paste, or the euthanasia preventing the disease from running its full course in the experimental foal. One reason for euthanasia at four days was fever. The presence of mild multifocal subacute hepatitis and severe diffuse catarrhal colitis, together with bacterial cultures indicated the cause was salmonellosis.
According to the manufacturer, the paste includes vitamins, iron fumarate, and viable primary cultures of fermentation products, consisting of Lactobacillus acidophilus, L. casei, Bacterium bifidus, Aspergillus oryzae, Torulopsis, and Streptococcus lactis. The toxic principle is as yet unknown. Mycotoxins were sought unsuccessfully in the three unused half tubes of paste given the experimental foal. Unusual sensitivity of neonatal foals to iron compounds is another possibility. A puzzling fact is that.large numbers of foals were given the paste with no ill-effect.
During the course of the outbreak, several other possible etiologic diagnoses were considered. The lesion is not like that of equine herpesvirus I infection, in which there is mild multifocal hepatic necrosis with mild inflammation and intranuclear inclusion bodies." In Tyzzer's disease in young horses, as in various other species, the necrotizing hepatitis is in randomly distributed, multiple, often quite large foci2* Bacillus piliformis can be seen within viable hepatocytes. Human neonatal hepatitis is morphologically different from the foal hepatopathy-with multinucleate giant hepatocytes as a prominent feature.I6 An equine disease in which the lesions are somewhat similar is Theiler's disease, but in the latter, the necrosis is centrilobular and midzonal and there is an infiltration of the portal tracts with mixed inflammatory cells.'8 In view of the fact that it is common practice to inoculate pregnant mares with biological products, an immune-mediated cause was considered. Inflammation of the portal triads, together with bile ductule hyperplasia and individual hepatocyte necrosis were seen as part of the graft-versushost reaction in immunodeficient foals reconstituted with equine thymus and liver or equine lymphocyte^.'^ Even though in our field cases electron microscopy showed neutrophils in necrotic debris in the liver where they could not be recognized readily by light microscopy, the inflammatory reaction was minimal. The lack of significant inflammation in the liver suggested a deficiency or toxic cause to be more likely than an infectious or immune-mediated one.
The majority of toxins that cause hepatocellular necrosis affect primarily the centrilobular area, rather than the periportal area as in these foals. Only a few toxins, such as phosphorus, ethionine, orotic acid, iron salts and, in certain species, aflatoxin cause periportal necro-sisZ3 Although horses are quite susceptible to pyrrolizidine alkaloids, acute poisoning is uncommon. Necrosis is centrilobular.12 In the very limited literature available, aflatoxicosis is reported to cause centrilobular necro~is'.~ and massive necrosis in horses.' Samples of the liver of foals 4 and 5 were examined by mass spectrometry and gas chromatography for aflatoxin and none was found.
